Objective. This systematic review aims to examine the available literature and to synthesize published data concerning the treatment of Complex Regional Pain Syndrome (CRPS) with ketamine.
Introduction
Ever since its introduction into human clinical anesthesia, ketamine has had a controversial history. Domino first introduced ketamine in the literature 50 years ago as a "dissociative anesthetic" producing potent analgesia without loss of consciousness [1] . After Food and Drug Administration (FDA) approval in 1970, it was first used by forward medical units in the US/Vietnam war and is still used as a "battlefield anesthetic" [2] . It was used in psychiatric research and "recreationally" by academics in the 70s [3] . It is commonly used in the initiation and maintenance of general anesthesia, and is now more frequently used in intensive care, emergency medicine, battlefield medicine, treatment of certain psychiatric conditions, migraine, and pediatric procedures. It is also a drug of abuse, called "special K" on the street [4, 5] . active enantiomenter. Ketamine has been formulated for oral, parenteral (SQ, IM, and IV), topical, intranasal, intrathecal, and intrarectal use [8] .
In 1987, Davis and Lodge found that NMDA receptors were involved with the wind-up response to repeated noxious stimulation [8] . It is now accepted that glutamate is involved in acute and chronic pain pathways and that activation of these pathways leads to the activity at the NMDA receptor. This contributes to increased excitatory transmission along afferent pain pathways in the dorsal horn of the spinal cord, and accentuates the responsiveness of nociceptive neurons, (or amplifies the pain signal); a phenomenon known as central sensitization [9] [10] [11] .
This discovery led researchers to evaluate the efficacy of NMDA antagonists as a treatment option for pain. The first clinical report of ketamine use for pain was in 1989 [12] . Since that time, ketamine has established a place in the perioperative management of acute pain, where it has been shown to be effective in reducing morphine requirements in the first 24 hours after surgery [13] . Ketamine has also shown short term efficacy in treating phantom limb pain [14] and has recently shown antidepressant effects [15] . There are many case series and retrospective reports, and a few randomized control trials, which suggest ketamine may prove useful for chronic pain syndromes that involve central sensitization, including postherpetic neuralgia, migraine, burns, fibromyalgia, neuropathies, and Complex Regional Pain Syndrome (CRPS) [8, 16] .
The Budapest consensus group defined CRPS as "a syndrome characterized by a continuing (spontaneous and/or evoked) regional pain that is seemingly disproportionate in time or degree to the usual course of any known trauma or other lesion. The pain is regional (not in a specific nerve territory or dermatome) and usually has a distal predominance of abnormal sensory, motor, sudomotor, vasomotor, edema and/or trophic findings. The syndrome shows variable progression over time" [17] . It can occur after a noxious event, or brain or spinal cord injury and it has a reported incidence rate of from 5.46 to 26.2 per 100,000 persons [18] [19] [20] The pathophysiology of CRPS is still not fully understood, and is heterogeneous, involving interaction of four statistically distinct sign and symptom factors. [15] One of the hallmarks of CRPS is central sensitization, making NMDA receptor antagonists such as ketamine an attractive potential treatment option [21] .
As it becomes clear that NMDA receptors are likely participant in central sensitization [22] , many believe a safe, tolerable, and effective NMDA antagonist treatment would be an important tool. Unlike opioids used to treat pain, ketamine does not produce respiratory depression. However, ketamine has a range of reported effects in humans including "dissociative" anesthesia, analgesia, elevated blood pressure (as opposed to most anesthetics), and bronchodilitation [4] The desirable effects of ketamine are counterbalanced by side effects such as hallucinogenic and other psychomimetic effects as well as adverse events such as liver injury [23, 24] . There is little high level evidence that ketamine is safe, tolerated, and/or effective in chronic pain conditions in general (level I-II: see Table 1 ); this article will examine the entire body of literature available to determine the efficacy and safety of ketamine in the specific treatment of CRPS (level I-III evidence will be discussed, and "stand out" level IV evidence will be reported in appendices).
Methods
This review aims to examine the literature and to synthesize the published data concerning the treatment of CRPS with ketamine. We systematically reviewed all relevant articles that provided data on the efficacy and utility of ketamine for CRPS. The search was conducted utilizing the databases Medline (1966 Medline ( -2010 , Embase (1980 Embase ( -2010 and the Cochrane Central Registry of Controlled Trials and included all relevant articles through January 2014. We utilized 10 different search strategies, including combinations of the following (MeSH) search terms: "ketamine" or its scientific name, "2, 2 Chlorophenyl 2 methylamino cyclohexanone" AND "complex regional pain syndrome," "reflex sympathetic dystrophy," "causalgia," "CRPS," "RSD" OR "algodystrophy". Reference lists of articles identified were screened for relevant articles that did not come up in the database search, and recent guidelines were consulted. Data from animal studies, abstracts, letters, "anecdotes" and single case reports were not included.
The methodological strength of each study was classified using a practical, easy-to-use "levels of evidence" scheme modeled after that used by Harden et al. (Table  1 ) [17] . Clinical trials, prospective, retrospective, and cross-sectional studies were all included in this review. The primary aim is to present a comprehensive and detailed review of all the relevant literature pertaining to the use of ketamine for CRPS. Due to a lack of high quality research in this area, the authors have chosen to include less rigorous preliminary research reports (supplemented by extensive empirical experience) to provide all literature that may be relevant so that the practitioner may better assess and analyze the modality under discussion.
Results
The search yielded 262 articles. The titles, abstracts, and the full text of these were screened by the primary author for relevance to this publication. Twenty-six additional articles were identified by reviewing reference lists and recently published journals. Of these, 6 articles represented Level I evidence of ketamine for CRPS, 5 articles Level II, 13 articles Level III, and 21 articles of Level IV were considered for this review. Only Levels I-III are mentioned in text. Level II, III, and IV evidence is reported in tables in Appendices A, B, and C. The third author screened any of the studies where it was unclear whether they met the inclusion/exclusion criteria and a decision was made by consensus. The screening process is depicted in a flow chart (Figure 1 ).
Level I Evidence
Only one systematic review was found specifically for the efficacy and safety of ketamine for patients with CRPS. Azari et al.
[21] evaluated 3 randomized, placebo-controlled trials, 7 observational studies, and 9 case studies/reports. The authors concluded that the current level of evidence is 2B (i.e., weak recommendation, moderate-quality evidence in that scheme), stating that "we do not have sufficient evidence to recommend routine use of ketamine in CRPS." "Although ketamine demonstrates promise for safe and effective use in the treatment of CRPS, the need for large, well designed, randomized controlled trials is evident." [21] One Cochrane Review evaluated "interventions for treating pain and disability in adults with complex regional pain syndrome" [25] . The authors evaluated 3 randomized placebo-controlled trials (RCT) and 1 meta-analysis and found "low quality evidence that a course of IV ketamine may be effective for CRPS-related pain. However, the effects did not appear to be sustained beyond 4 to 11 weeks post-treatment and it is also associated with a variety of side effects. . .While this evidence, arising from 2 small trials (combined n 5 79), is by no means conclusive, it does suggest that ketamine, and perhaps other NMDA receptor antagonists, might represent a promising therapy and target for future studies" [25] .
A systematic review of the treatment of CRPS by Cossins et al. indicated "the review found moderate evidence for the efficacy of low-dose IV ketamine infusion in long-standing CRPS" evaluating only 2 RCTs. Cossins et al. also acknowledges that "the interpretation of these results has recently been made more complicated by reports about incidences of liver failure with prolonged or repeated treatment." [26] .
Several authors have published updated guidelines for the treatment of CRPS. The most recent by Harden et al. [17] comments that ketamine has been "evaluated for neuropathic pain and for CRPS specifically, but toxicity at effective doses has generally been too highCaution is indicated and independent confirmation of these studies is needed" [17] . The authors do suggest NMDA receptor antagonists for refractory patients with significant allodynia/hyperalgesia. The UK guidelines evaluated only 1 high quality trial and 1 low quality trial and determined that there is "moderate evidence for IV ketamine (at low-dose, 2 trials, 1 days outpatient or 4.5 day continuous)" [27] . Similarly, the Dutch guidelines published in 2010 by Perez et al. rated the evidence for this treatment as "moderate, or Level III." The authors concluded that there are merely "indications that intravenous administration of a subanesthetic dose of ketamine reduces pain in CRPS-I patients," but further research is needed [28] .
Other recent reviews report conflicting views of ketamine for CRPS. Goebel states that efficacy of ketamine for CRPS has been demonstrated in his review. Yet, he also indicates that long-term safety or efficacy data are not available and a majority of patients transiently developed either hallucinations or inebriation [29] . Gay's 2013 review considers ketamine an emerging treatment aimed at the etiology [30] . A review by Collins et al (2010) stated no significant effect on pain reduction could be established for ketamine IV in CRPS, but significant effects were noted in postamputation pain. Additional RCTs are needed to make conclusions about the therapeutic potential of NMDA receptor antagonists in neuropathic pain [31] . A review by the International Association for the Study of Pain Neuropathic Pain Special Interest Group did not recommend ketamine for neuropathic pain either, stating the "evidence of benefit in small RCTs, but administration protocol and longterm benefits and especially risks remain unclear" [32] .
General reviews of ketamine indicate that there is little evidence for the use of oral ketamine, and it "may have a limited place as add-on therapy in complex chronic pain patients" [33] . A comprehensive review of Intravenous infusions stated that ketamine is "the most effective and well-studied NMDA receptor antagonist, but it is routinely available only in an IV formulation." It also has many obstacles, including "low oral bioavailability, a lack of any easily available formulation for chronic delivery, concerns over psychomimetic side effects, and mixed efficacy in clinical trials." The authors concluded that ketamine shows promise, but further studies are needed [9] .
Level II Evidence
Five articles were found evaluating the efficacy of ketamine for CRPS in randomized, placebo-controlled trials.
In a study by Sigtermans (2009), 60 CRPS1 patients received a 100 hour continuous IV infusion of subanaesthetic S(1)-ketamine. Pain scores (0-10 numeric rating scale (NRS) scores) for patients receiving ketamine were significantly lower for the first 11 weeks of the study compared with those receiving placebo, with the lowest pain score achieved at week 1 (ketamine, 2.68 6 0.51, placebo 5.45 6 0.48 P<0.001). The authors concluded that "a multiple day ketamine infusion resulted in significant pain relief," despite the fact that significance was lost by week 12 of the study (P 5 0.07). Treatment Systematic Review of Ketamine for CRPS relieved spontaneous pain, but did not cause functional improvement (i.e., no change in ability to use the affected limb, walking ability, active range of motion, or threshold for touch, skin temperature, or volume measurements) [34] . A secondary analysis of Sigtermans' RCT of ketamine for CRPS-I evaluated the time dependent relationship between pain and motor function in 29 upper-limb CRPS-I patients. Movement parameters were assessed using a finger-tapping task. For the 29 subjects analyzed, significant pain relief was achieved for up to 6-week post infusion, but ketamine had no direct effect on motor function assessed over a 12-week follow-up period. The authors did find that motor function was significantly (inversely) related to pain intensity irrespective of whether patients had received ketamine or placebo [35] . Data from this same study was later published by Dahan et al. [36] Dahan et al. also reported on Pharmacokinetic-Pharmacodynamic (PK-PD) modeling of ketamine in CRPS1 patients. This report focused on the PK-PD profile of ketamine, finding that plasma concentrations decreased rapidly on termination of infusion [36] .
In 2009, Schwartzman (2009) studied low dose multiday outpatient infusion of ketamine for 19 severe longstanding CRPS patients. Subjects were infused intravenously with normal saline with or without ketamine for 4 hours daily for 10 days. The study was powered for 20 subjects per arm, but was discontinued early at 10 subjects in the placebo group and nine in the ketamine group. The resulting pilot study showed that intravenous ketamine resulted in statistically significant reductions in weekly pain measures (MPQ and a seven question pain questionnaire) for the full 12 weeks of the study (P < 0.05). The ketamine group also showed nonsignificant improvement in quantitative sensory testing (pressure evoked pain, brush allodynia, mechanical detection, cold pain, heat pain). Although activity levels showed no change after treatment, the activity watch revealed fewer nighttime pain awakenings as well as lower daily pain scores. Weekly quality of life scores showed no change after ketamine treatment [37] .
Finch et al. (2009) aimed to determine the effects of topical ketamine on the sensory disturbances in 20 patients with CRPS. In this double-blind, placebo-controlled randomized crossover trial, patients received treatment with 10% ketamine (or placebo) on 2 occasions, at least 1week apart. Sensory tests were performed on the symptomatic and contralateral limb and on each side of the forehead before and 30 minutes after each topical ketamine treatment. The authors concluded topical ketamine does not lead to pain reduction in patients with CRPS, but does cause a reduction in allodynia [38] .
Evidence for the efficacy of ketamine can be found in RCTs in related diagnoses. There are 2 additional studies worth noting. Carr 2004 reported on the efficacy and safety of intranasal ketamine for breakthrough pain (BTP) in 20 chronic pain patients (including one CRPS patient). In this randomized, double-blind, placebo-controlled crossover trial, subjects reported daily BTP episodes for 1 week prior to randomization. Treatment of breakthrough episodes with either ketamine or placebo occurred at two separate visits at least 48 hours apart. Patients reported significantly lower breakthrough pain intensity following intranasal ketamine than after placebo (P < 0.0001), with pain relief occurring within 10 minutes of dosing and lasting for up to 60 minutes. No patient in the ketamine group required additional rescue medication for BTP episodes [23] .
Pain and sensory thresholds were examined before and after intravenous administration of ketamine (0.15 mg/ kg), morphine (0.075 mg/kg) or saline in 8 patients with postherpetic neuralgia in a randomized, double-blind, cross-over study by Eide et al. Ketamine (and not morphine) normalized abnormal heat pain sensations in 4 patients and produced significant relief of pain. Pain evoked by non-noxious stimulation of the skin (allodynia) was significantly inhibited by ketamine as well as by morphine. Neither treatment had an effect on thresholds for warm, cold, heat pain, or tactile sensation [16] .
Level III Evidence
Thirteen prospective open label, retrospective or observational studies were found.
Only 2 studies have evaluated IV ketamine at anesthetic doses. Five open label studies and 4 retrospective analyses evaluated IV ketamine at "subanesthetic" doses. Two case series were found evaluating topical ketamine, and case reports are the only evidence for oral ketamine. There was only 1 study looking at subcutaneous ketamine, and another used ketamine as an adjuvant in sympathetic blocks.
IV Ketamine at Anesthetic Doses
In 2007, Koffler et al. first sought to evaluate the effects of ketamine in an open label prospective study evaluating the neurocognitive effects of ketamine at anesthetic doses. This study concluded that 5 days of anesthetic ketamine infusion therapy is an effective treatment for CRPS I, as indicated by significant reductions in both acute (present pain intensity) and overall pain 6 weeks following completion of the treatment. All patients had been withdrawn from narcotics and required no pain medicine at the 6 month follow-up. No adverse neurocognitive effects were found after "thorough psychological and neuropsychological" evaluation. Performances on nearly every test remained stable or improved (attention and processing speed) and only motor strength declined. However, no comment could be made regarding long-term effects past the 6 week follow-up date for the study [39] . anesthetic doses for 20 refractory CRPS patients. All 20 patients were deeply sedated for the duration of the treatment. The study showed a significant reduction in NRS from baseline in all patients 1 week after infusion (8.9 vs. 0.5, P5<50.001) and 6 months after infusion (8.9 vs. 2.0, P < 0.001). "Complete remission from CRPS was observed at 1 month in all patients, at 3 months in 17, and at 6 months in 16 patients" [40] . Subjects also reported a significant decrease in movement impairment, improved quality of life, and increased ability to work (at 6 months, only 2 were unable to work). The results of this study suggest an impressive effect of anesthetic ketamine in advanced and refractory CRPS. However, Kiefer et al. highlight that safety is the main concern. No life threatening complications occurred, but subjects reported psychotropic side effects, as well as difficulty sleeping, nightmares, and muscular weakness persisting for weeks after treatment. The majority also had infections associated with the intensive care nature of the treatment. The authors concluded that patients must be watched carefully during the infusion for these reasons [40] .
IV Ketamine at Subanesthetic Doses
Fourty CRPS type I and II subjects in an open-label prospective study received 4-hour ketamine infusions daily for 10 days in a study by Goldberg, et al. Daily pain diaries indicated significant reduction of pain (P 5 0.001) with increased ability to initiate movement and tendency to decreased autonomic regulation. A total of 36 out of 40 subjects had pain relief for at least 2 weeks post treatment, while 8 subjects experienced pain relief for up to 12 weeks. Minimal side effects were reported [41] .
Kiefer investigated the effects of S(1) ketamine on pain relief and somatosensory features (QST) in long-standing, generalized CRPS. Four subjects received continuous S(1) ketamine infusions gradually titrated over 10 days. Pain intensity and side effects were rated on visual analogue scale (VAS) scales. QST (thermal and mechanical detection, and pain thresholds) was analyzed at baseline and following treatment. Subanesthetic S(1)-ketamine showed no reduction of pain and effected no change in thermal and mechanical detection or pain thresholds [42] .
An observational study by Sigtermans et al. sought to compare the effect of ketamine on acute versus chronic pain. Ten subjects received seven 5 minute IV ketamine infusions over 125 minutes. Spontaneous pain ratings (VAS) and VAS responses to experimental heat stimuli were obtained before and after each infusion and for 3-hours following the infusions. A significant reduction in spontaneous pain VAS score was achieved at 60 minutes, and pain relief was maintained for 3 hours post infusion. In contrast, evoked pain levels were significantly lowered during the infusion, but returned to baseline on termination of the infusion [43].
Noppers et al. conducted a single blind study in which 6 patients with CRPS-1 received two 100 hour continuous subanesthetic ketamine infusions separated by 16 days. Reductions in pain levels (NRS) were seen in 5/6 patients after the first infusion, but the trial was ended prematurely due to adverse events [44] .
Sixteen subjects received 5-day ketamine infusion at a moderate dose in an open-label prospective study by Goldberg et al. Analysis of pain diaries revealed that pain scores decreased from (7.5 vs. 5.4, P 5 0.001) by day 5 and a significant improvement in the ability to initiate movement by day 10 (P 5 0.012). Maximum pain relief correlated with maximum plasma levels of ketamine and norketamine. The 3 and 6 month evaluations showed pain relief was maintained for 60% and 40% of the subjects, respectively. The authors concluded that a 5 day ketamine infusion was "generally effective" for the treatment of severe CRPS [45].
Correll et al. conducted a retrospective chart review of 33 CRPS patients who received subanesthetic ketamine titrated to the highest tolerated dose. A total of 76% (25/33) of patients achieved complete pain relief initially from only one infusion, but some relapsed and received a second (n 5 12) or third (n 5 2) infusion. Patients receiving a second treatment of intravenous ketamine infusion were shown to have longer periods of pain relief than patients treated with a single infusion (i.e., 7/12 patients experienced relief at 1 year). Overall, 83% of patients achieved complete relief, 13% partial relief, and 4% no relief [46] . Webster (2006) was the first to evaluate the safety and efficacy of prolonged ketamine infusions in noncancer pain. In this retrospective chart review, 8 out of 13 subjects had CRPS. The ketamine infusions lasted 16.4 days on average (ranging from 5 to 55 days), but with no major adverse events and very few side effects reported. Overall, 11 of 13 patients (85%) reported a decrease in pain after treatment, and 7 out of 13 subjects still perceived improvement 1 month after the infusion [47] .
In a 5 year retrospective chart review of 31 patients with refractory chronic pain, all patients reported a significant reduction in VAS score postinfusion, with significantly larger decreases in pain for the 18 CRPS patients. Per clinic protocol, infusions lasted between 30-165 minutes and were routinely scheduled every 3-4 weeks. There was no data on long-term pain relief, although follow-up phone calls revealed some patients received at least a few weeks of relief [48] .
In a recent retrospective case series, ketamine was evaluated for inpatients with neuropathic pain from major limb injuries sustained in combat. Nineteen patients whose pain was inadequately controlled by multimodal analgesia received a 3-day infusion of IV subanesthetic ketamine. Results showed a significant reduction in PPI, improvement in GPR, and a decrease in mean opioid requirement. The authors concluded that Systematic Review of Ketamine for CRPS low dose ketamine infusions for complex combat injury pain were safe and effective [49] .
Topical Ketamine
Ushida (2002) found that repeated use of topical (10%) ketamine relieved pain and swelling in 4 out of 5 patients in the early dystrophic stage of CRPS-I. Two patients also showed a decrease in allodynia. No pain relief was found in long term CRPS (15 years) (n 5 1) or in CRPS II (n 5 2). The authors concluded that ketamine appears to be beneficial for the patients with acute early dystrophic stage of CRPS I [50].
Crowley (1998) conducted a case series of topical ketamine in which 5 patients diagnosed with "RSD" received a single application of topical ketamine. Patients reported pain reduction of 65% to 100% relative to pretreatment NAS. No side effects were reported up to 48 hours post infusion [51] .
Adjuvant for Sympathetic Block
Sunder 2008 reported the use of ketamine as an adjuvant in sympathetic blocks for peripheral nerve injury in a case series. Three patients with peripheral nerve injury following gunshot wound injuries (thought to be CRPS-II) responded positively to the sympathetic blocks, and the addition of ketamine relieved symptoms of allodynia [52] .
Subcutaneous
The study mentioned above by Webster (2006) first evaluated ketamine administered via subcutaneous route, but after administering to 5 patients, found it to be unsafe. Subjects developed irritation or sterile abscesses at the infusion site [47] .
Oral
Only case reports evaluated oral ketamine for CRPS. 
Adverse Events and Side Effects
The trials also provide evidence of the potential adverse events that may occur from ketamine treatment. Notable adverse events from the trials above are detailed below.
A trial by Noppers et al published data regarding hepatotoxicity and anesthetic ketamine treatment [24] . In this trial, 5 out of 6 patients were withdrawn from the trial, 1 due to hypertension, 1 due to psychotropic side effects, and 3 due to elevated liver enzymes (suspected drug induced liver injury). This occurred in 1 patient after a single course of treatment, and in 3 patients after a second course of treatment 16 days later. For those patients, it took 2 months for the liver enzyme levels returned to normal. Noppers et al. concluded that there is an increased risk with prolonged or repeated ketamine treatment in a short period of time [24] . Sears and Bell published commentaries relaying their concern for the toxic effects of ketamine not only on the liver, but on other organs as well [24, 54, 55] .
In Kiefer's trial of ketamine at anesthetic doses, no life threatening complications occurred. Subjects did report psychotropic side effects, as well as difficulty sleeping, nightmares, and muscular weakness persisting for weeks after treatment. The majority also had infections associated with the intensive care nature of the treatment. The authors concluded that patients must be watched carefully during the infusion for these reasons [40] .
Three cases of transient blindness have been reported for ketamine administered as an anesthetic agent. All cases resolved. No cases have been reported for ketamine administered for treatment of CRPS [56] .
Among the trials of sub anesthetic ketamine, severe headache, nausea, dizziness, feeling of inebriation, fatigue, and drug high were reported fairly often. Hallucinations and psychomimetic side effects were also reported in a few studies [34, 39, 43, 46, 48, 51, 57, 58] . No side effects were reported with topical applications of ketamine [50, 57] . Further descriptions of the adverse events for each study can be found in Appendices A, B, and C.
Discussion
CRPS is difficult to treat effectively. Many therapies have been explored for CRPS, but numerous patients remain in pain. NMDA receptors have a solid rationale as treatment targets in CRPS because of the presumptive mechanism (in some cases) of central sensitization. Thus, many turn to ketamine as the most potent option, as other NMDA receptors (e.g., memantine and amantadine) are weaker and have failed to show beneficial effects alone [59,60].
There is no high quality evidence available evaluating the efficacy of ketamine for pain and all single studies in this review (Level II and III) were of moderate to low quality. Previous reviews (Level I evidence) similarly found the evidence to be of low quality and gave a weak recommendation at best. There are multiple difficulties encountered when attempting to evaluate the Level II and Level III evidence for ketamine. Investigators used different routes of administration, different doses, and different outcome measures. The studies have relatively low sample sizes, and various inclusion/exclusion criteria. There are methodological flaws found in the Level II studies that preclude definitive conclusions (i.e.,
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early termination of trial), and nongeneralizable results to CRPS populations in general (i.e., intranasal breakthrough pain study). There is likely to be a large placebo response, making Level III evidence of questionable utility.
No conclusion can be made in regards to the most effective route of administration or the dose from the available literature. While ketamine is available for oral, parenteral (SQ, IM, and IV), topical, intranasal, intrathecal, and IR use, the literature shows that intrathecal administration of ketamine is toxic [61] . Our literature search only revealed use of ketamine in intravenous, topical, intranasal, and oral form. The majority of the research shows efficacy of IV ketamine, but treatment durations range from 30 minutes [48] to 8 weeks [47] and doses ranging from 0.35mg/kg/hour [37] to 7mg/ kg/hour [40] . Topical ketamine studies show wide variability in terms of dose and demonstrated mixed results in terms of efficacy. Webster attempted to study subcutaneous ketamine in a larger study, but discontinued that treatment arm due to adverse events [47] . Only case reports are available for oral ketamine. Good evidence for intranasal and other routes of administration has only been reported in other types of pain [23] .
With such small sample sizes, the profile of the patients included in these studies is crucial to understanding the results. While some studies found there was no difference based on factors such as age, gender, or pain duration, others found ketamine to be effective in relatively new CRPS patients, but ineffective in refractory patients with a long disease history. This result is counterintuitive considering ketamine is intended to treat the central sensitization of the pain, which would be more developed in long-term patients. The preponderance of the research found used older diagnostic criteria (IASP), so comparison to modern studies is difficult. Some have called into question whether these subjects would be included had researchers used the stricter Budapest criteria, which could produce different results [59] .
The utility of ketamine is limited by its side effect profile. Hallucinogenic and other psychomimetic effects are of Systematic Review of Ketamine for CRPS greatest concern when using ketamine and often discourage use. Ketamine also induces feelings of inebriation, nausea, headaches, vomiting, and elevated blood pressure. There is evidence that repeated use causes hepatic dysfunction, not only from a study by Noppers, et al. [44] , but also from the reports of liver toxicity found in ketamine abusers [62] . Concern has been raised regarding effects on cognitive function, although one study has shown no residual cognitive effects 6 weeks after IV ketamine infusion [39] . Such effects in conjunction with risks of abuse and dependence recommend caution. Domino and Zsigmond suggested "taming the ketamine tiger" by reducing its emergence delirium with Diazepam. Now, shorter acting agents such as midazolam, propofol and clonidine are used more frequently. In our review, studies that coadminister such agents generally reported fewer serious adverse events (see appendices) [8] .
One must also consider the practicality of use of ketamine. Studies report short-term efficacy, so repeated dosing would be needed. Infusion protocols require hospitalization and close observation, especially when ketamine is given at anesthetic doses. There is inherent risk in any general anesthetic setting and this risk is greatly increased with prolonged anesthesia [59] . Intensive care is associated with risks of infections, and infectious complications are the main source of morbidity and mortality in modern intensive care medicine. Such protocols will have a cost implication, and to date, no cost-benefit analysis has been published [40] . Down-regulation of central sensitization mediated by the NMDA-receptor blockade might explain in part the analgesic effects of ketamine, but the mechanism that leads to long-term pain relief is not understood. Research has been conducted to develop a pharmacokinetic model that reflects the plasma profiles of ketamine and its metabolites, and to construct preliminary pharmacodynamic models of ketamine to guide the development of future clinical studies. Studies have shown that the metabolite norketamine produces similar effects to ketamine, while less is known about the other downstream metabolites [63] . A study by Olofsen et al. showed significant differences in the pharmacokinetic estimates of S(1) ketamine between study groups, with larger concentrations found in healthy volunteers compared to CRPS-1 patients [64]. Dahan et al. found that, although plasma concentrations of S(1)-ketamine and its metabolite decrease rapidly on the termination of infusion, pain relief outlasts the treatment period by about 50 days [36] . Patients report dreams 24 hours later, recreational users report dissociative effects for days after drug use, and chronic pain patients have reported relief lasting even longer [8] . Dahan et al. hypothesizes that ketamine initiates a cascade of events, which lead to pain relief that lasts but slowly abates when ketamine molecules were no longer present [36] . Some believe this may be due to synaptic plasticity; there is a change in the brain alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate/NMDA receptor ratio [8] .
Although most of the attention to the effects of ketamine have been directed to the role ketamine plays at the NMDA receptor, one must also consider its role in the attenuation of secretion of the proinflammatory cytokines IL-6 and TNF-alpha. The effect of intravenous immunoglobulin on CRPS has been studied [65] 
A better understanding of these events will lead to more effective use of ketamine for pain relief.
Conclusion
Based on the literature identified and the extent of evidence found for ketamine for CRPS, we find the evidence to date to be inconclusive. The quality of the research to date is low, in small "n" studies, with methodological flaws; thus there we conclude there is only weak evidence for the efficacy of ketamine for CRPS, and it cannot be considered a first line option. The work to date is preliminary, and some would argue compelling, yet clearly there is a crucial and compelling need for better, better designed and more definitive research. One guideline considers it anesthetic dose a "last resort" intervention because of the weak evidence and toxicity (especially of anesthetic doses) [15] , but the question of dose (anesthetic versus subanesthetic) is particularly relevant in treatment decisions. Nonetheless, CRPS is a significant clinical problem with limited therapeutic options, and therefore, any intervention able to produce improvements should be studied properly, and our review suggests subanesthetic dose ketamine holds promise. There is a critical need for "high quality, randomized, controlled trials with larger numbers of patients and standardized, clinically relevant routes of administration" [4] .
Recommendations
In future trials, randomization will be necessary. There is no further need for open label trials at this point in the development of the drug. Blinding depends on the design, formulation, dose and comparator. Administration of any formulation is technically easily blinded, yet "clinical blinding" is more difficult with drugs such as ketamine, either for subjects or researchers. Active controls are preferred, particularly in moderate to higher doses where psychomimetic effects are expected. In na€ ıve subjects blinding is less difficult, but in experienced ketamine patients blinding is more complicated; benzodiazepines are excellent active controls in that they reproduce some of the psychomimetic effects of ketamine, and may control aspects of "the delirium" [6] . In the extreme, intractable cases where IV ketamine would normally be considered, the prolonged use of "control" groups must consider the suffering involved,
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and more analgesic controls may be considered. In certain brief paradigms (i.e., an acute trial) placebo can be justly considered. Prolonged wait listing/historical controls runs into other ethical issues such as the ongoing extreme pain and the tradition that early treatment is critical. Blinding the operator raises some safety issues, but can be accomplished with safety being monitored by a separate (unblinded) physician or practitioner. Blinded data entry and analysis of psychometric or psychophysical data makes for a "half-blind."
Side effects must be thoroughly assessed, acutely and over time. For acute paradigms single shot, intranasal and rectal administrations are intriguing. In chronic pain, the risk to benefit ratio would suggest topical, continuous SQ administration and low dose outpatient administration. Given the apparent risk:benefit issues, it is questionable that high dose protocols are worth pursuing, although practitioners in the area suggest it is significantly (though anecdotally) better. If we are to continue with high dose experiments, we must only do this in the context of Institutional Review Board approved, properly designed trials [4] . (1)-ketamine infusion. The chance for an analgesic effect from ketamine and placebo treatment was 67% and 23%, respectively. The pain data were well described by the PK-PD.
See above* Table A1 : Ketamine inhibited allodynia to light brushing, and pain evoked by pricking. Pressure pain threshold increased in symptomatic limb.
Only the warm threshold increase in both limbs. Changes were also noted in the QST on the forehead. For those who had allodynia in the forehead, ketamine relieved allodynia. There were no dropouts or serious adverse events. 11/20 reported side effects-fatigue (7), dizziness (4), feeling of unreality (4), changes in vision (2), and nausea (1). Most were mild and transient, and most occurred in the ketamine group. 
